Introduction
The CO 2 storage site at Ketzin near Berlin, Germany, has been developed to advance the scientific understanding of how to geologically store CO 2 and to investigate the processes of underground CO 2 injection and migration (Förster et al., 2006; Martens et al., 2013) (Fig. 1) .
The extensive monitoring program, which consists of geological, geophysical, and geochemical investigations, is capable of detecting CO 2 on different scales. Various geophysical methods, such as 2D and 3D surface seismic surveys Ivanova et al., 2012; Ivandic et al., 2012) , crosswell surveys , and moving source profiling (Yang et al., 2010) , have already successfully imaged the movement of the injected CO 2 within the target reservoir zone at the Ketzin storage site. Among them, the 3D time-lapse reflection seismic method has proven to be the most effective tool for mapping the spatial extent of the CO 2 injected at the Ketzin site as well as for its quantitative analysis. The method has already been used successfully for both qualitative and quantitative monitoring at other saline-aquifer CO 2 storage sites, such as the Sleipner project site (Arts et al., 2002; Chadwick et al., 2005) .
The 3D seismic survey acquired in the fall of 2005 prior to CO 2 injection provided information about the geometry of the reservoir and its overburden (Juhlin et al., 2007) and served as a baseline for later surveys conducted to accurately model key reservoir changes caused by the subsequent injection of CO 2 .
In previous investigations, the CO 2 sign ture ould e dete ted y in re sed refle tivity t the top of the target reservoir, by a change in attenuation, and by a reduced propagation velocity within the reservoir . Results from the first 3D repeat survey, conducted in the fall of 2009 while between 22 to 25 kt of CO 2 had been injected, showed that the CO 2 plume was concentrated around the injection well; at that time, the plume had a lateral extent of approximately 300-400 m and a thickness of about 5-20 m . The obtained time-lapse seismic signature was interpreted as being caused by fluid saturation changes only. Later modeling of the AVO/AVA response indicated that pressure has a rather minor impact on the seismic amplitudes at the Ketzin site (Ivanova et al., 2013b) . The 4D seismic signature, results from petrophysical measurements on reservoir core samples, and repeated pulsed neutron-gamma (PNG) logging of CO 2 saturation levels enabled quantification of the amount of CO 2 in the reservoir. Approximately 93%-95% of the injected CO 2 was interpreted to have been imaged by the first repeat 3D seismic data .
In the summer and fall of 2012, when about 61 kt of CO 2 had been injected, a second 3D repeat seismic survey was acquired over an area of about 10 km 2 , approximately 3 km 2 more than that of the first repeat survey and some 4 km² less than that of the baseline survey (Fig. 1) . The acquisition and processing of this latest dataset followed the same scheme as in the previous two surveys to ensure maximum repeatability of the 4D surveys carried out over time.
Here we present results from data processing and time-lapse analysis of the second 3D repeat dataset collected three years after the first 3D repeat survey and with a further 39 kt of additional CO 2 stored in the target reservoir. Maps of the areal extent of the amplitude anomaly and traveltime delays reveal the new migration pathways of the injected CO 2 and allow us to quantify the growth of the CO 2 plume since the time of the first 3D repeat survey.
Reservoir and caprock properties
The target saline aquifer, the Stuttgart Formation (Fig. 2) , is lithologically heterogeneous both laterally and vertically. It consists of a complex geometric arrangement of sandstone and siltstone interbedded with mudstone; therefore, the spatial distribution of reservoir properties also varies. The primary target for CO 2 storage is in the upper part of the Stuttgart Formation, situated at a depth of 630-650 m, where the main sandstone units (9-20 m thick) display a typical channel facies with effective porosities in the range of 20%-25% . Individual sandstone bodies may be stacked together to form channel belts. The possible heterogeneous distribution of reservoir bodies in the Stuttgart Formation was also indicated by higher amplitude features on the summed absolute amplitude map, generated over a time window covering the Stuttgart Formation (Juhlin et al., 2007) . The general northeast-southwest trend of these amplitude anomalies is consistent with the expected general orientation of the sandy channels. Continuous wavelet transform analysis of the baseline dataset also indicated that the reservoir was heterogeneous and suggested the presence of meandering channel facies within it (Kazemeini et al., 2009) .
The immediate overlying caprock of the Stuttgart Formation is the Weser Formation, which mainly consists of clayey and sandy siltstone alternating with carbonate and evaporite horizons (Beutler and Nitsch, 2005) . The top of the Weser Formation contains a 10-20-m thick anhydrite layer, known as the HeldburgGips or K2 horizon, which is a prominent seismic reflector throughout the entire survey area (Juhlin et al., 2007) . The top of the anhydrite lies about 80 m above the top of the Stuttgart Formation. The Weser Formation is overlain by mud/clay-carbonates of the Arnstadt Formation, which exhibits similar sealing properties (Beutler and Nitsch, 2005) . Above the Arnstadt Formation, Lower Jurassic shallow-water sandstones at depths of 250-400 m have been used for natural gas storage. These sandstones together with interlayered mudstone, siltstone, and anhydrite form a multilayered system of saline aquifers. The overlying seal for this aquifer system is the approximately 80-m thick Tertiary Rupelian claystone unit, which separates the groundwater horizons above from the deep saline aquifers below. Together with the anticlinal structure, this multibarrier system ensures safe and responsible long-term storage. The near-surface layers re m inly omposed of Qu tern ry s nds nd tills, whi h exhi it rel tively fl t surf e topogr phy
The pressure and temperature of the Stuttgart Formation control the phase state of injected CO 2 . At the CO 2 injection depth the Stuttgart Formation exhibits pressure and temperature conditions that cause CO 2 to be in gaseous state near the critical point. Given the thermodynamic conditions present in the injection well, CO 2 is entering the formation in the supercritical state and is undergoing phase transition towards the gaseous state within a short distance from the wellbore. Kazemeini et al. (2010) showed that replacing the saline brine by CO 2 in a gaseous state causes a significant change in fluid acoustic properties.
Acquisition of the second repeat 3D dataset
The second 3D repeat survey followed the same template acquisition scheme (Table 1) and used identical recording equipment, source (an accelerated EWGIII weight drop (Yordkayhun et al., 2009)) , and acquisition parameters as in the baseline 3D survey (Juhlin et al., 2007) and the first 3D repeat survey . Templates were numbered in the same way as in the previous two surveys, with an origin in the lower left-hand corner of the survey area. The second 3D repeat survey area initially consisted of 33 templates, but two of them (T3:5 and T2:5), located in the southeastern corner of the survey area (Fig.  3) , were skipped due to wet conditions that could have caused considerable delays in the survey and extensive property damage. Because the CO 2 plume propagation trend was mainly westward, the area of the two skipped templates was considered to be of lower priority.
Acquisition of the second 3D repeat survey began September 4, 2012, and proceeded through the templates in a snake-like manner to cover approximately a 10-km 2 area around the injection site and ended October 30, 2012. A total of 5445 source points were recorded during the 48 days of active acquisition. To enhance the signal strength each source point generally consisted of eight hits with the weight drop, that were later stacked using a diversity stacking method.
Source and receiver coordinates were re-surveyed according to the specifications of the baseline survey (Juhlin et al., 2007) . The new positions were generally located within a few decimeters of the baseline point coordinates. Five receiver lines made up one swath. When a template was moved in the receiver line direction within a swath, half of the stations remained in the current template to be a part of the active spread in the next template. A similar overlapping scheme was used between the source points of adjacent swaths. This overlap of source points and recording stations from template to template yielded a nominal fold of 25 for the survey area. However, due to logistical constraints from roads, villages, and inaccessible infrastructure, particularly at the injection site, there are some areas in which only a reduced fold was achieved (Fig. 4) .
For the second repeat survey, receivers could be planted at nearly all locations, including the injection site, which in the 2005 and 2009 surveys was very sparsely covered due to the infrastructure near the wells, resulting in very low fold for some CDP bins in that area (Juhlin et al., 2007) . Those receiver points, however, are excluded from the data processing flow for the time-lapse analysis in this work.
In comparison with the previous surveys, there is a considerable shotpoint gap in the 2012 survey northeast of the injection site due to a solar panel facility that has recently expanded. Those source and receiver stations that were affected by the new solar panels and by a new sand pit to the north of the survey area showed larger lateral and vertical position errors in the 2012 survey than in the 2009 survey.
The overall position error was substantially larger for the source locations (14.3% differed from the 2005 locations by more than 0.6 m and 6.6% differed by more than 1.0 m) than for the receiver locations (7.3% of the receiver locations differed by more than 0.6 m and only 0.7% by more than 1.0 m). These changes also affected station elevations. Relative to the 2009 data, there are many more source and receiver stations in the 2012 survey with elevation changes exceeding 0.6 m (6.6% of receivers and 12.8% of sources). However, the relative time-shifts between the surveys were corrected using trace-to-trace crosscorrelations, tying the repeat survey to the baseline survey and considerably reducing the 4D noise that could arise from these changes (see Section 4).
Seismic data processing
Because the baseline and repeat datasets were to be compared in a time-lapse analysis, the same data processing workflow and parameters used in the previous surveys (Juhlin et al., 2007; Ivanova et al., 2012) were applied here. To maximize repeatability in fold and azimuthal coverage for the time-lapse analysis, the datasets were limited to the baseline and repeat data subsets that contain common traces. The data processing workflow is described in detail in Juhlin et al. (2007) and the main parameters are summarized in Table 2 . An example of a common shot gather from the baseline survey and the second repeat survey processed prior to normal moveout (NMO) correction is displayed in Fig. 5 , showing good repeatability of the two datasets (NRMS = 0.3-0.5). A comparison of the amplitude spectra of the two datasets also shows a similar energy content at all frequencies (Fig. 6) .
Owing to the different weather and ground conditions during the surveys, static shifts had to be recalculated. Kashubin et al. (2011) showed that the static time shifts at the Ketzin site strongly correlate with the soil-moisture saturation, which in turn depends on cumulative precipitation at the location prior to data acquisition. Therefore, new calculations of the static corrections were necessary to accommodate the changes in the near-surface conditions.
Unlike in previous surveys, where static time shifts were derived from the first arrivals and applied within the individual time-lapse surveys, a different static correction approach was used here, in which trace-to-trace time shifts of the time-lapse datasets were determined from crosscorrelation . The relative time-lapse differences (TLDs) in reflection arrival times between the baseline and repeat survey trace pairs were derived automatically, decomposed in a surface-consistent manner, and applied to the repeat data to tie them to the baseline data to accommodate for static differences between them.
Aside from being time-efficient, as it does not require labor-intensive and time-consuming first-break picking, the crosscorrelation workflow has proven to be quicker and more accurate, exhibiting less timelapse noise and, thus, enhancing the CO 2 -induced time-lapse signature (Bergmann et al., 2012) . Fig. 7 shows the effect of the pre-stack TLD static correction on the time-delay distribution. The maps show the decomposed values in geographic coordinates.
Differences in survey geometry, processing, and near-surface velocities during data acquisition can reduce the repeatability of a monitor survey, altering the phase, amplitude, and static solution between surveys. The objective of 4D seismic acquisition and processing is to minimize differences in the seismic data that are unrelated to injection or production, while preserving differences that are due to reservoir processes. Although the 3D seismic campaigns at the Ketzin site were acquired with the same equipment and during the same seasons and were processed in a consistent manner from pre-stack to post-stack, certain differences in phase, amplitudes, and time shifts remained, most likely due to nonrepeatable ambient noise and changes in environmental conditions. Therefore, to minimize these and obtain the actual injectionrelated changes, the seismic volumes underwent further cross calibration.
Cross-equalization of post-stack seismic datasets typically includes bandwidth and phase equalization to compensate for different source wavelets, and amplitude balancing to scale the data to the same amplitude (or energy) level (Rickett and Lumley, 2001) . The cross-equalized trace is calculated by convolving the input trace with the estimated wavelet operator, to shape and match the reflection data of one survey to another (Ross et al., 1996) . Design of the matching filters uses a window above the reservoir, where no change is expected. This was verified by testing different calibration windows above the reservoir zone, which all lead to same time-lapse results. The crosscalibration process followed the same workflow and used the same parameters as in both the sparse 3D seismic data processing and crossequalization of the first 3D repeat seismic data to the baseline data . That is, the data were first calibrated to match in phase and time, followed by phase and frequency shaping by filtering, crossnormalization, and time-variant shifting using Hampson-Russell's Pro4D software. Difference sections obtained by subtracting the two datasets after each step of the cross-equ liz tion pro essing workflow show an enhancement of the time-lapse reservoir signal and suppression of differences caused by other factors.
Stacked and migrated volumes and time-lapse results
The stacked and migrated subvolume of the second 3D repeat dataset provides, as in the previous two surveys, good-quality images of the subsurface in the time interval from 150 ms to about 900 ms. The most prominent event in the migrated subvolume, the reflection from the 20-m thick anhydrite layer at the top of the Weser Formation (K2 horizon), is highlighted in Fig. 8 . The base of the target Stuttgart Formation lies about 80 ms below the K2 horizon. Fig. 9 and Fig. 10 show fin l migr ted st ked se tions from the seline nd the second repeat datasets. Presented are inline 1167 and crossline 1098, both located in the vicinity of the injection borehole where the time-lapse effects are expected to be most prominent. The area around the target reservoir is marked with a yellow rectangle (top at 480 ms, bottom at 560 ms). A comparison of the stacked sections from the two surveys reveals changes in amplitudes within the Stuttgart Formation at approximately 530 ms, near the inje tion orehole in oth the inline nd rossline im ges The o served stronger refle tions in the t rget area are interpreted to be due to the presence of injected CO 2 . The CO 2 should enhance the impedance contrast of the internal layers in the aquifer (Kazemeini et al., 2010) .
The quality of the seismic match between the two time-lapse processed volumes after cross-equalization was assessed using the normalized root mean square (NRMS) difference, a commonly used metric that measures the relative difference between two traces and is sensitive to differences in timing, phase, and amplitudes (Kragh and Christie, 2002) . The map of the NRMS values for the crosscalibrated seismic subvolumes shows quite good repeatability with NRMS errors in the range of 0.2-0.4 over most of the area (Fig. 11) . Typical values for modern 4D surveys are 0.1 to 0.4, which represent an ability to reproduce seismic amplitudes to within 10-40% in the fin l st ked d ta (Miller and Helgerud, 2009 ). Larger NRMS deviations at the edges of the survey area are due to lower fold there and, consequently, lower signal-tonoise ratio. Higher NRMS values (> 0.6) in the area around the injection well are due to injection-related reservoir changes and the locally reduced fold (Fig. 4) .
The two crosscalibrated seismic datasets were then differenced, and the amplitude differences near the top of the reservoir, which are likely related to injection effects, were analyzed in terms of CO 2 plume evolution. To remove time-lapse effects unrelated to the CO 2 injection, the amplitude differences were normalized to the peak amplitude of the K2 reflection.
Assessment of CO 2 plume migration
Time-lapse analysis of the first repeat 3D seismic survey (following injection of 22-25 kt of CO 2 ) revealed a pronounced amplitude anomaly. This anomaly, with a lateral extent of 300-400 m and a thickness of 5-20 m, was situated at the top of the reservoir near the injection well (Fig. 12a) . The irregular pattern of this anomaly, attributed to the injected CO 2 , was seen as an indicator of the variable permeability and strong lateral heterogeneity of the reservoir. Other seismic features on the timeslice with amplitudes ranging up to about 0.25 were attributed to remaining non-repeatable noise, as they are present throughout the entire survey area. Therefore, the white contour at 0.3 represents the outline of the CO 2 plume at the time of the survey.
Subtraction of the cross-equalized second repeat dataset from the baseline survey revealed that the CO 2 -induced anomaly has expanded since the time of the first repeat survey in 2009 (Fig. 12b) . The amplitude differences at the reservoir level indicate that the CO 2 plume has grown by 150 m in the N-S direction and 200 m in the W-E direction. It is similar in shape to the plume from 2009, but has a stronger amplitude, with the maximum located 60-100 m north-northwest of the injection well. The westward propagation of the plume observed in the first repeat dataset is persistent. The complex geometry of the sandstone bodies within the reservoir can also be the cause for the small-scale heterogeneities in the CO 2 distribution pattern, especially prominent east of the injection site. Fig. 13 and Fig. 14 show vertical cross sections along inline 1170 and crossline 1093. They both are located close to the injection site and show a prominent time-lapse signature at approximately 42 ms below the K2 reflector, corresponding to the top of the Stuttgart Formation. Lower fold in this area resulted in poorer images of the near-surface structure here (Juhlin et al., 2007; Fig. 9 and Fig 10 this paper) , and, consequently, in a somewhat higher level of 4D noise at shallower levels.
In principle, migration of CO 2 upward through the overburden, particularly in the gas phase, can be dete ted on seismi d t y the gener tion of distin t high mplitude refle tions of lo lized extent (-right spots‖) used y the sh rp de re se in ousti imped n e within ro ks s tur ted y CO 2 (Chadwick et al., 2009) . Because no such time-lapse anomalies have been observed above the reservoir layer in the vicinity of the injection site, there is no indication of upward migration of CO 2 into the caprock.
Evaluation of CO 2 saturations
The quantitative analysis of the CO 2 plume imaged by the first 3D repeat seismic data was performed using CO 2 saturations determined from PNG logging . PNG logging is frequently used for saturation evaluation in oil and gas fields (e.g. Smolen 1996; Morris et al. 2005) , and has also been used successfully for CO 2 monitoring in saline aquifers (Müller et al., 2007; Murray et al., 2010) . At Ketzin, it has been used for monitoring in-situ saturation changes at the borehole scale. Following the approach of our previous study , saturation conditions for the first repeat 3D seismic survey have now been reevaluated on the basis of refined input parameters, and results from the PNG logs acquired during the second 3D seismic survey are presented.
PNG tools r diometri lly me sure the therm l neutron m ros opi pture ross se tion Σ, whi h is derived from the decay of capture gamma ray flux with time from thermal neutron capture processes, typically dominated by the presence of chlorine in rine The high Σ ontr st etween rine nd CO 2 results in a high sensitivity to saturation changes. In time-lapse mode, changes of saturation S can be calculated from the Σ h nge etween seline nd repe t logging run, nd the Σ differen e of the involved pore fluids alone (e.g. Ellis and Singer, 2007) :
where the subscripts log and base refer to the repeat and baseline logging runs, and φ is formation porosity (total porosity derived from open-hole logging data after Norden et al. (2010) . For the current application, the subscripts w and g correspond to the considered pore fluids brine and CO 2 , and the CO 2 saturation is equal to the change in brine saturation, S w,base -S w,log revised Σ w value of 97.6 capture units (c.u.:
Baumann, 2013) was used, based on the chemical composition of the formation brine from the Ketzin site (Würdemann et al., 2010) , and a Σ g value of 0.014 c.u. (Baumann, 2013) , corresponding to conditions close to the critical point of CO 2 . This standard approach is based on the assumption of a simple displacement process, whereby the injected CO 2 displaces the brine originally present within the formation. Because of the mutual solubility between water and CO 2 , further processes such as evaporation and salt precipitation can occur, especially in the direct vicinity of an injection well. Similar effects are known to occur during gas production (Kleinitz et al., 2003) , and have been predicted for CO 2 injection on the basis of numerical simulations (Pruess and García, 2002) . Similar simulations have also been performed specifically for conditions representative for the Ketzin site (Muller et al., 2009 ). The effects of evaporation and salt precipitation were here additionally taken into account using an extended PNG saturation model (Baumann et al., 2014) Fig. 15 shows the me sured Σ form tion logs nd the l ul ted CO 2 saturations using the standard (displacement) PNG model for all wells and the results of the extended model for the Ktzi 201 injection well It should e noted th t the Σ form tion urves re p rti lly ffe ted y g s-filled well annuli during the repeat logging runs, causing an offset from the baseline logs. Affected log sections occur both above (mainly in Ktzi 201 and Ktzi 202) and below (Ktzi 202) the main reservoir intervals.
Saturation changes mainly occur within the porous and permeable reservoir sandstone intervals. For the time of the first 3D seismic repeat survey, corresponding to the second and third PNG repeats, saturation changes also occur in the siltstone and sandstone layer underlying the main reservoir sandstones in the Ktzi 201 injection well. At the sixth PNG repeat, a decreased thickness of the interval containing CO 2 can be observed, with increasing saturations within the upper reservoir intervals. This is consistent with the injection regime, as injection rates after the third PNG repeat were mainly about 50% lower than before, and the sixth PNG repeat was additionally recorded during a shut-in period of several months duration.
For the extended PNG saturation model, more variable CO 2 saturation profiles with a general tendency toward higher saturation values compared to the standard displacement model were calculated in the upper injection intervals. Since there is strong evidence from the PNG logging data for such effects to occur but no independent observations for them have existed until now, results from both models have been considered. Therefore, a set of minimum and maximum saturation values for the reservoir intervals are presented here. On the basis of lithological information, a number of individual sections were defined for each well (compare black bars in Fig. 15 ) for which average CO 2 saturations were calculated. Table 3 contains the average CO 2 saturations calculated as weighted arithmetic mean values over the intervals containing CO 2 and the geometries of the averaged intervals.
Quantification of the growing CO 2 plume and consideration of uncertainties
Monitoring and verification of the stored CO 2 visible in time-lapse geophysical data is important to assess the integrity of the storage site and to monitor potential leakage (JafarGandomi and Curtis, 2013). Chadwick et al. (2005) demonstrated that the 4D seismic technique can provide a reasonable estimate of the in situ mass of CO 2 , but that complete verification is not possible due to a number of uncertainties.
Quantitative analysis of the first 3D repeat time-lapse seismic data from the Ketzin site was performed and showed a close agreement with the actual injected amount of CO 2 , but, as in the Sleipner case (Chadwick et al., 2005) , a number of uncertainties were also acknowledged that could significantly influence the estimation. Although the method integrates the 4D seismic signature, petrophysical analysis on core samples, and in-situ CO 2 saturations obtained from PNG logging, it retains several uncertainties that are conditioned by inherent assumptions and simplifications, the complex structure of the reservoir, and limited knowledge of the formation properties .
Seismic parameters used to estimate the total mass of the CO 2 imaged on the seismic data are the normalized reflection amplitude difference, mapped at the reservoir level, and time delays of reflections from below the injection horizon due to the reduced velocities in the CO 2 -s tur ted ro ks (-velo ity pushdown effe t‖) In 2009, the time-delays were obtained by manual picking . In this study, they are evaluated using a more robust approach, which consists of performing a crosscorrelation in windows above (at 250-450 ms) and below the reservoir (at 600-800 ms) to estimate the optimal time shifts for each window. The optimal time shift is chosen on the basis of the highest correlation coefficient achieved between the baseline and repeat surveys for a given time shift within the window of interest. The same cross-correlation time-shift analysis approach was used by White et al. (2011; 2013) . The difference between these optimal time shifts for the upper and lower windows is then calculated. This is assumed to be representative of the delay that is caused by changes within the reservoir only. Because this approach is data driven, the interpretation is less prone to subjective errors associated with the interpretation when performing manual picking. It also considers the optimal time shift over a window, rather than at a given event, which should also reduce errors compared with the previous method. To make a comparison between the two repeat survey results, the same approach has been applied to the first 3D repeat dataset (Fig. 16) .
In both 3D seismic repeat data sets, the lowest time delay values found within the amplitude anomaly area are in a range of 1.4-1.6 ms, which is within the noise level of 1-2 ms (1.2-2.4 m). Therefore, those values have been tested as a lower cutoff limit of the delays that are due to the injected CO 2 . Similarly, since the normalized amplitude differences in the areas not reached by the CO 2 range up to 0.3, this value was used as the cutoff value for amplitude differences used in the mass estimation. CO 2 saturation values were then assigned to each CDP bin using the same empirical approach as Ivanova et al. (2012)-i.e . by converting the normalized time-lapse amplitude differences (Fig. 12a and Fig. 12b ) to saturations using the saturations obtained from PNG logging for calibration. Both the time-delays (Fig. 16a and Fig. 16b ) and the saturations obtained from the amplitude differences were used as a basis for the CO 2 mass estimation approach described in Arts et al. (2002) :
·dx·dy·H ……………………………………… (2) where
where H thickness of the layer containing CO 2 ρ CO 2 density φ porosity of the reservoir S CO2 CO 2 saturation in the reservoir dx, dy inline and crossline spacing N total number of CDPs ΔT time-delay (velocity push-down effect) V 1 velocity in brine saturated reservoir V 2 velocity in CO 2 saturated reservoir (at saturation S CO2 ).
A CO 2 density of 215 kg/m 3 obtained from the NIST database (Lemmon et al., 2001 ) and an average reservoir porosity of 20%, taken from Förster et al. (2010) , were assumed to be the same in all CDP bins.
Because seismic velocities from the reservoir are not available, except the Vp velocity baseline from cross-hole measurements, Vp velocities used in equation (3) were obtained from petrophysical experiments on two core samples from the target reservoir (Kummerow and Spangenberg, 2011; Ivanova et al., 2012) . Frequency dispersion was ignored, because it was not considered to be large enough to affect the mass of CO 2 in the estimation . The velocity of 3135 m/s obtained from ultra-sonic laboratory experiments with 100% formation brine saturation was used for the pre-injection velocity in the reservoir. This value is close to the one observed in the baseline cross-hole seismic data , confirming that the error that could arise from using the petrophysical results in equation (3) is probably small. Moreover, since equation (3) uses the velocity difference between brine saturated samples and those containing CO 2 , the potential discrepancy should be even smaller.
In the petrophysical experiments on core samples saturated with CO 2 , Vp velocities were calibrated with corresponding values of CO 2 saturation obtained from the electrical resistivity petrophysical experiment. Once calibrated, the Vp velocities were linearly interpolated in Ivanova et al. (2013a) resulting in the following relationship between Vp and CO 2 saturation (standard deviation is -187 m/s):
The thickness distribution of the layer saturated with CO 2 in equation (3) corresponds to the distribution of time-delays and varies from 10 m to 30 m.
The mass estimates were first made for each bin and then summed to give the total mass imaged by the seismic data. The difference between the reevaluated minimum and maximum saturation scenarios (Table 3) is significantly less than in Ivanova et al. (2012) , resulting in nearly the same estimated quantities. Fig. 17a and Fig. 17b show the resulting CO 2 mass distribution maps for both 3D seismic repeat surveys for the time-delay cutoff of 1.5 ms, which gives an estimate for the 2009 data that is in agreement with those reported by Ivanova et al. (2012) . It was, therefore, selected here as a reference cutoff for comparison with the estimates for 2012 and for further analysis of the impact on the estimated quantities as a result of variations in the input reservoir properties.
The discrepancy between the amount injected at the time of the first repeat survey and the amount observed in the seismic data is within 3%-5%. However, the estimates obtained for the 2012 data show an about a 15% difference between the two values. On the basis of reservoir and geochemical simulations , this discrepancy can be entirely attributed to the loss of the CO 2 due to dissolution during four years of injection. However, considering the uncertainties related to the choice of the cutoff values and the reservoir model, it is more likely that the mismatch between the actual injected amount and the estimated one is even larger than 15%. That is, the estimated mass is strongly sensitive to the choice of the time-delay cutoff. For example, an increment of only 0.1 ms results in a 5-7 kt change of mass. In comparison to the time-delay cutoff impact, the choice of the amplitude cutoff plays a minor role here-i.e. a change in the lower amplitude limit of 0.1 results only in about a 1-1.5 kt difference. The impact of the reservoir model uncertainties was also tested. At 1% higher reservoir porosity the estimated CO 2 mass would be greater by 2.5 kt. The same effect on the estimates would have 10 kg/m 3 higher CO 2 density. The results for both 3D repeat datasets are summarized in Table 4 .
The results demonstrate that small changes in input values can have a significant impact on the estimated quantities. Therefore, considering the complexity of the Stuttgart Formation, the simplified reservoir model with constant reservoir porosity and CO 2 density used here may induce considerable errors in the mass estimate. In addition, despite the fact that we have rather good information about temperature conditions at Ketzin from downhole measurement data (Henninges et al., 2011) , there is some remaining uncertainty about the exact distribution of the p/T conditions over the extent of the CO 2 plume. Based on the integration of seismic modeling and multiphase fluid flow simulations, it has been shown that reservoir temperature plays an important role in quantitative interpretation of the Ketzin seismic data (Ivanova et al., 2013a) .
Since the CO 2 saturation distribution cannot be derived directly from the seismic data, the saturation model was constrained on the basis of the PNG logging data from only three wells. The scarcity of input data and the empirical approach used to assign CO 2 saturation values to CDP bins resulted in a very simplified saturation distribution within the reservoir.
It is also important to note that there is only a small number of direct petrophysical observations, which, therefore, cannot provide a good statistical basis for the determination of seismic velocities based on CO 2 saturations and that the petrophysical experiments were carried out on samples that are assumed to be representative of the average properties of the whole reservoir .
Finally, the vertical resolution of the seismic data poses another limitation on the mass estimation-i.e. CO 2 saturated layers in which the thickness is beneath the limit of seismic detectability, as in the outer parts of the spreading plume, cannot be imaged and, therefore, quantified using the tools presented here. To overcome this shortfall, further seismic forward modeling with realistic signal-noise ratios and different saturation scenarios incorporated into the model data would need to be performed.
Conclusions
The second 3D monitor seismic survey at the Ketzin CO 2 storage site was acquired in the late summer/early fall 2012 to map the CO 2 plume evolution since the last monitor survey in 2009, as well as to detect any migration of the injected CO 2 out of the storage reservoir during that period. High repeatability for the new dataset was achieved by following the same acquisition and data processing schemes as in the previous two surveys. The only difference in the processing workflow was the application of a recently implemented time-lapse static correction approach.
Subtraction of the cross-equalized second repeat dataset from its respective baseline dataset provided new insights into how the plume has developed through time. The seismic reflection amplitude difference map reveals that the CO 2 plume has expanded since the time of the first repeat survey in 2009. The migration of the injected CO 2 shows a similar heterogeneous pattern to that observed at the time of the first repeat survey, but larger by approximately 150 m in the N-S direction and 200 m in the W-E direction. The amplitudes are significantly stronger with the highest amplitudes located at approximately 80 m northnorthwest of the injection well. The westward component of plume propagation observed in the first repeat survey is now more pronounced, confirming the strong lateral heterogeneity of the Stuttgart Formation. There is no indication of upward migration of CO 2 into the caprock. Quantification of the time shifts associated with CO 2 emplacement has been achieved using correlation coefficients calculated within windows above and below the reservoir. This method is considered to be less subjective and more accurate compared to manual picking. Based on the 4D time shifts below the reservoir, inferences similar to those based on the amplitude anomaly can be made about the evolution of the CO 2 plume. The time shift anomaly is similar in shape and lateral extent to the amplitude anomaly.
Changes in the seismic signature, petrophysical measurements on core samples, and geophysical logging of CO 2 saturation levels, allow the amount of CO 2 imaged by the seismic data to be estimated and compared to the actual injected quantity. The estimates performed on the first 3D seismic repeat dataset show consistency between the in situ CO 2 mass and the actual amount injected at the time of the survey. Although the shortfall in the imaged 2012 amounts can, in principle, be explained by the ongoing dissolution processes, significant uncertainties, attributed mainly to the limited vertical resolution of the seismic data, the heterogeneous reservoir composition at the site and a limited knowledge about the distribution of its properties, remain.
The results presented here demonstrate that the size and location of the CO 2 plume can be clearly delimited qualitatively with seismic data. However, it is also clear that the quantification of the volume of injected CO 2 from the 4D seismic response is uncertain due to the significant uncertainty in key reservoir and seismic parameters. Table 3 ) are indicated with black bars and bold numerals. Lithology after Förster et al. (2010) . 
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